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(54) Method for compensating tfie plezoreslstlve offset voltage In doubly connected Hall effect 
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(57) A recently demonstrated cunent connpensation 
technique for (misalignnient) offset reduction in doubly 
connected HaH elements is extended to diminish the pei- 
zoresistive contribution to the offset in sinfiilar Hall 
devices l>ased on Silicon. This offset condensation 
method relies upon directional averaging using blaxia). 
quadropolar cunrent injection from four electrically sepa- 
rate cunent sources, to obtain in-situ cancellation of the 
off-diagonal piezo-voltage generated upon the appfica* 
tion of simple shear stress. The technique Indicates the 
possibility of Si-lsased IHall elements that eM\ii field- 
equivalent offsets below ImiDiTesIa, even in magnetic 
sensors t)ased on (001) Silicon with current injection in 
the (100) dir^ctions» which are relatively insensitive to 
shear stress applied upon the device in difficuH environ- 
ments. 
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Description 

Hall effect and certain piezoresistive devices reiy 
upon the development of ("off-diagonan voltages per- 
pendicular to the current flow due the application of a 5 
magnetic field and stress, respectively These ''off^iiag^ 
onai" voltages are typically generated and measured in 
a four terminal (Hall plate) configura^n, where a pair of 
contacts serves to inject tiie cunrent vi/hi)e a second pair 
of contacts is used to read out the voltage developed io 
across the device. Material inhomogenelties and mask 
imperfections lead to effective contact misalignments in 
such Hall and piezoresistive elements manufactured by 
pholdlithography, which produces an offset voltage 
across the voltage contacts at null magnetic field in the is 
Hall sensor, and at null shear stress in the piezoresistive 
element Tins nr^'satignment offset influences sensor per- 
formance because it Is 'signal to offset" that limits sen- 
sitivity in the low magnetic field / weai< stress limit 
especially when the offset changes with the environ- 20 
ment. Further complications occur when the nrtagnetic 
field sensing elemertt exhibits sensitivity to stress, and 
the stress sensor exhibits sensitivity to the magnetic 
field.. Then, the magnetic field sensor might show an 
additional stress dependent contribution to the offset 25 
just as the stress sensor might show an additional mag- 
netic field dependent term in the total dfset voltage 
Under such conditions, it becomes useful to identify a 
technique that can both reduce the misalignment offset, 
and sinruitaneously s^rate the (antisymmetric off- so 
diagonal) Hall voltage from the (symmetric off-diagonaO 
plezovoltage, or help cancel one of the components, 
such that the swsor responds only to the desired effects 
Silicon (Si) devices that respond to external stimuli 
are especially attracSve because this system is condu- 35 
cive to the development of "smart sensors" which include 
integrated on-chip amplification, signal condtioning. and 
logic that allows output appropriate to the microproces- 
sor based controller used in electronic automation sys- 
tems. The widespread availability and advanced state of 4i 
SI IC technology offers, In addition, the possibility of low- 
cost large-scale production which, in turn, insures 
increased utirtzation of such sensors in relatively com- 
mon applications. A robust, magnetic sensor based on 
81 appears especially useful because magnetic sensors « 
have already appear^ as position detectors and con- 
tactless switches in applications ranging from electric 
motors to soft-drink machines and automobiles, and one 
expects ^t a fiigh performance magnetic sensor, vt/hich 
is sensitive to the Earth's magnetic fiekil. would be an 5 
important component in the electronic r^vigation sys- 
tems of future automobiles In a similar vein, improved 
piezoresistive devices bas^ on Silicon might play a role 
in applications such as servo-driven automobile steering 
systems, throttle valve position sensing, acceleration.- a 
and pressure- sensing . 

Magnetic sensors based on the Hall effect combine 
the advantage of simplicity with linearity even at low mag- 
netic fields. Yet. the relatively low mobility in n-Si, and its 



piezoresistive character originating from the multi-valley 
band structure, have combined to reduce the impact of 
the Si-Hall sensor by limiting its reliability even at the 5 - 
lOOmT magnetic fields encountered in typical position 
sensing applications The reduced mobi% contributes 
to the problem by increasing the dissipative voltage drop 
(Vjjx) for a given (off-d*®gonal) Hall voltage (Vj^y); mis- 
alignments in the Hall voltage contacts compound the 
problem by picking up afraction of thedissipative voltage 
signal and this becomes comparable to the Hall effect, 
resulting In small signal - to* offset at tow magneticf lekJs. 
The piezoresistive character of Si contributes to the prob- 
lem by allowing the generation of signals across the Hall 
voltage contacts tiiat are comparable to the Vxy upon the 
application of relatively small shear stresses on the sen- 
sor. Although one might succeed in decoupling the sen- 
sor from external stresses to some degree In certain 
simple situations, the ntisailgnment offset and the pie* 
zoresistive offset together become ovenvh^ming in the 
especially hostile enviroments that make up most sensor 
applications. 

Recentiy, the possibility of generating a Hall effect 
under null (net) current has been demonstrated in Ga As- 
bas^ devk:6S, and the usefulness of ttiis approach in 
compensating the misalignment offset observed in Hall 
sensors, independent of temperature, has been pointed 
out. An advantage of tiiese double ("anti Hall bar witiiin 
a Hall bar").- and nrultiple.- boundary Hall effect devices, 
so far as offset reduction is concerned, is tiuit the cunrent 
distrixjtion may be modified in order to obtain vanishing 
current density In the vicinity of tiie voltage contacts, 
which increases insensitivity to effective voltage contact 
misaiignnnents. An attempt to extend this technkfue to SI 
^owed that although the misaltgnm^ offset was 
reduced by this technique, as expected, another contri- 
bution to the offset, an off-diagonal piezoresistive voltage 
in the absence of a magnetic field originating from tfie 
existence of shear stress, became substantia! as com- 
pared to the Hall effect at low magnetic fields (B < 50mT) , 
for certain "high piezo** alignments within ttie crystal, m 
addition, it was observed that the off-diagonal piezovolt- 
age behaved In many respects as the Hall effect, and 
that these techniques and geometries developed for mis- 
alignment offset voltage coirpensation in Hall effect 
devices t^ecame useful in fabricating improved sensitivity 
piezoresisitive devices. Thus, tiie necessity of simulta- 
neously redudng both the misalignment-offset, and sep- 
arating the (antisymmetric off-diagonal ) Hall voltage 
from tiie (synnmetric off-diagonal) plezovoltage, or can- 
) celling insitu one of tiie components, also became evi- 
dent Here, we propose a series of solutions which help 
achieve desired characteristics in piezoresistive and Hail 
effect devices fabricated not only in Silloon but also ui 
other in other piezoresisth/e and Hall conductors as well 
s (Our focus here on Silicon reflects only the fact tiiat it Is 
tiie most widely used semiconductor) To this end. we 
begin by kientifying prete^ed alignments, based on gen- 
eral principles for orienting urvaxlal double current injec- 
tion double boundary structures In Silicon In order to 
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Obtain large or email piezoresistlve response. TTien, we 
examine some embodiments which include biaxial dou- 
ble injecfion in order to realize directional averaging, and 
to take advantage of the dissin^tar symmetry of the 
resistance tensor In the Hall and piezoresstive effects, i 
Further, the biaxial, doutrie-cunrent injection technique is 
compounded to obtain biaxial, quadruple current injec- 
tion which helps obtain, In some! special embodiments, 
a minimal ntisalignment offset and separation of the pie- 
zoresistlve and Hall compor^nts in the same sensor 
Finally, the problem associated with fal»icating multiple 
electrically separate current sources, which incb'cates the 
necessity of "a sinple supply,*" is ameliorated t>y identi- 
fying some special embodiments which exploit the pho- 
tovoHaic effect. The theme here is that photovoltaic 
devices based on p-n junctions are compatible with Sili* 
con IC technology, and p-n junctions, which constitute a 
simple photocun'ent generator under illuntination. may 
be (although it need not be) readily integrated into the 
Silicon sensor Furthermore the photon source for the 
nnultiple current supplies can be something as readily 
available asa light emitting diode, wfich maybe chopped 
at Ngh frequencies to reduce other spurious contribu- 
tions to the ofteet such as that originating from the ther 
moelectric effect. Experimentai stucfies of such 
embodiments indicate the possiblFity of magnetic field 
sensors witii field equivalent offsets below Imilinesla in 
(001 } Si even with the cunent in the (1 1 0) directions, i. e . 
a liigh piezo." orientation. 

For the reported measurements, planar doubly con- 
nected devices were realized on oriented p-type sub- 
strates. An n-epilayer in the shape of a doubly connected 
frame served as the electrical channel, and small-sized 
n^ regions, located ^her outside the exterior boundary 
or inside the interior boundary, provkied electrical access 
to the conducting layer. The sensor chip was mounted 
on commerdally available dual in line packages (DIP) 
using an epc»(y, and shear stress was coupled to the 
device by torquing the DIP package as It was held in the 
mount (See Rg. 2, top) Cun^ent sources based on Rg. 
1 were used in the experiments and. for orientation 
depe^enl studies, the devices were aligned along the 
"hdgh piezo " ard the low piezo.** (see Fig. 3) directions. 

We beglT) by examining the characteristics observed 
in the uniaxial, double Injection configuration based on 
the rectangular annulus (see Rg. 2) Here tiie long axis 
of the frame is oriented along the (110) direction In the 
crystal. These data reveal that an off-diagonal piezovdt- 
age appears across the voltage contacts (C.D) and (3.4). 
even In the absence of a magnetic f ield, upon the appli- 
cation of a shear stress (torque) upon the device due to 
the existence of components in the piezoresistive tensor 
which couple shear to the off-diagonal resistivity. Hare, 
the effect shows some similarities to the Hall eff^ in that 
tiie shear stress behaves roughly as the magnetic field 
In the Hall effect 

The signals measured across the interior (V3 4) and 
exterior (Vcjo) Hall voltage contacts In the absence of a 
magneticf ield are plotted in Rgure 2, as a function of the 



torque applied to the samidle nK)uni Although tiie signals 
are shown for both the conpensaled ( 1 1 .2 = 'U.b ) «^ 
uncompensated configurations, we begiri by exanining 
tiie compensated configuration because tiiis condition 
; has been shown to minimize tiie misalignment offset in 
our previous work Here, in Si. it is observed that the off- 
set under the (1 1 2 a.b) condition varies lineariy with 
ttie torque (shear) on tfie sample mount as one might 
expect of a piezoresistlve effect. A notewortiiy feature 
w here Is that tiie curves con^esponding to (h 2 « +0 1mA, 
I =-0 .1 mA ) and (1^ ^ = -0, 1mA. I q » +0 1 mA ) Inter-, 
sect where V3 4 and Vc^d essentially vanish, whidi sug- 
gests that the offeet is minimal, when there Is no cun-ent 
flow in the vicinity of tiie Hall contacts and the shear 
IS stress vanishes. The curves con-esponding to tiie 
uncompensated configuration ((l-i 2 - 0mA, 
U.B * ''"^) O1 ,2 +0.1 mA, I B = OmA)) exhibit 
the nilsalignment offset contribution, under the same 
vanishing stress conditions Thus, one observes tinatcur- 
20 rent compensation by uniaxial, dout^le current injection 
serves to reduce tiie misalignment offset 

The sensitivity of the offset to ttie stress ot>served in 
Rg. 2 incScates, howev^. that uniaxial cirrent compen- 
sation may not be a sufficient solution in Si because 
25 Stress built into the device upon pack^ing for example, 
could effectively place tiie offset response of the device 
in an uncontrolled state. Thus, in Rg. 3. we examine the 
optimal orientations Ibr uniaxial current injection config- 
urations In SiGcoa based on a study of the piezoreslst- 
30 ance coefficients of this crystal . For simplicity, we have 
considered orientations which minimize (^Low piezo.T or 
maximize (^'High pezo") tiie shear response only Of 
course, one nr^ght fabricate all possible embodiments in 
the unoriented conf iguratk)n. and one may ^so use otiier 
95 aiteria, such as tiie orientation for minimization or max- 
imization of the piezo-Hall response, or even a combina- 
tion of princpl^ based on a study of the physical 
ixoperties of the semiconductor in question, to deter- 
mine optimal orientation of possible emboidments. 
40 Rg.Sidentiftestheafignmertofthedevicegeometry 
witii respect to tine crystallographlc axis, fbr n- and p- 
channel ^licon whhthe nornnl (001) {(a) and (b)). (01 1) 
{(c) and (d)}, and (11 1) {(e)}. In (a) - (f). (i) identifies tiie 
orientation for high shear piezoresistive re^nse, which 
45 one may choose if one desires to nake. for example, a 
piezoresistive sensor. On the other hand, (v) shows tiie 
orientation lor low piezoresistive response if one is inter- 
ested in rrvnimizing this component (as. for example. In 
a Hall effect sensor). As an exanple, we illustrate the 
so use of this chart by referr ing to the frame shaped speci- 
mens of Rg. 4. and consider the case where we wish tiie 
\aw piezoresistive orientation in. (001) n-channel Silicon 
which corresponds to Fig. 3 (a) (il). Thus, on the appro- 
priate (001) surface SiUcon crystal, we mark the desired 
ss [1 00] and [01 0] directions, and we place a suitably scaled 
embodiment from Fig . 4 atop the crystal and orient the 
"alignment marks" (see Rg . 4). with tiie x-axis parallel to 
ttie [1 00] directk}n, and the y-axis along the [010] direc- 
tion, and then transfer the embodiment onto the crystal. 
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Errors of the order of 1 5 degrees in the aiignment of the 
embodiment with respect to the crystallographic axis 
may be tolerated in this procedure, and one may also 
fabricate the geometries In the unoriented crystal or poty- 
crystal or f ilm, if so desired. Such dashed axis or "align- 5 
ment marks" appear in figures tliroughout the 
application. 

As indicated above, the piezoresistive contribution 
to the offset in a Hal! effect device, for example, may be 
reduced by aligning the embodiment along the "low 10 
piezo onentafion, in the urHdxial injec^on configuration 
There occur situations where one seeks special charac- 
terisitcs in the sensor which cannot be obtained using 
this simple procedure . For example, if one wishes to fab- 
ricate a device which is sensitive to shear but insensitive is 
to the magnetic field or vk;e versa, then it is useful to 
investigate nriore complicated configurations which 
involve biaxial injection. In order to help understand 
device performance under such conditions, we have 
illustrated the behavior of the electrical response in sys- 20 
teme characterized by a eymmelric and antisymmetric 
resistance tensor, in Fig.. 5. Although one might identiiy 
antisymmetric offdiagonal components in thetensorwith 
the Hal! effect and symmetric offdiagonal components 
with the shear piezoresistive effect, the underlying r)hys- 25 
icai effects need not be restricted to these examples Any 
other effect which may be represented in such a form 
would do as well, and the techniques and geometries 
developed here would remain applicable. The pdnt con- 
veyed by this figure is that although the symmetric and 3a 
antisymmetric tensors both exhibit the same polarity In 
the off-diagonal voltage whei = I, (see Fig. 5(a)(i) 
and Fig. 5(b)(1)). they show opposite polarities when I3 4 
a 1 (see Fig. 5(a)(ii) and Rg.. S(b)(ii)). Thus, there appears 
to be the possibility of decoupling the symmetric and 35 
antisymmetric contributions by injecting several cunrents 
(from several sources) into a single Hall or piezoreslsitive 
or any "off ^agonal voltage" tsased elen>ent. with a finite 
angle between the ir^ection directions. Some special 
embodiments of k^axial injectkm are exhibited in doubly 4c 
connected (Fig. 6) and multiply connected (Fig. 7) con- 
figurations. Here, it Is worth noting that size and shape 
of the doubly and multiply connected specimens could 
assume a large number of different variations, each 
boundary could have an arbitrary number of contacts, « 
and the angle between current vectors could range from 
spedai values such as 90 degrees (e g . Fig. 6(b)), and 
45 degrees (e g .. Fig 6(d)) to any arbitrary value. 

One might proceed beyond double injection to, for 
example, quadruple injection by compounding configu* 5 
rations. This principle may k>e fllustrated in a n-fold rota- 
tionally symmetric structures, such as an annulus 
(Fig.8).. where rotation by a special angle, e.g.. 90 
degreeS: results in the same sti'ucture (cf . Fig, 8(a) and 
Fig. 8(c). or Fig 8(b) and Fig. 8(d)). Then, configuration 5 
superposition results in an embodiment with quadruple 
injection as In Fig. 8(e) and 8(f) Such quadruple irjection 
conf igurations exhibit special properties which are espe- 
cially useful in separating the symmetric off-diagonal 



(piezore^stive) and the anti-symmebic off diagonal 
(Hall) voltages, wNle sinnuttaneously minimizing the mis- 
alignment offset In the following, we demonstrate 
tiirough a phryacal argument the operation of such an 
en^Mdiment. 

Conskler an annuliar device witii Hall voltage con- 
tacts along the diagonals, as shown in Fig. 9(a). with 
compensated uniaxial dual current injection as in the 
experiment of Fig. 2. The device of Fig. 2 becomes vir- 
tually kJenticai to tiie configuration of Fig. 9(a), if one 
observes that tiie branches of the frame sh^ed "anti- 
Hall bar wittiin a Hall bar* may be deformed to obtain 
circular annulus (Fig. 9(a)). From the data of Fig 2. it is 
dear that the application of shear stress would generate 
a piezoresistive offset across the Hall voltage contacts 
for the appropriate afignment; one might imagine meas- 
uring the effect utilizing the pair of voftmeters connected 
to the device as shown in Rg 9(b). Furtiier, tiie current 
density vanishes in both branches of the structure, eaich 
branch becomes an equipotential. and the two voltme- 
ters read the same peizoresistive voltage, witii opposite 
signs, under the application of shear stress. The differ- 
ence in thesigns of the offset Indicated by the vottmeters 
originates from the wiring of tiie instrument to the sam- 
ple Thus, if one applies a ramped magnetic field to tiie 
devk:e, tiie voltmeters swing in opposite directions, as 
shown in Fig . 9(c). 

Witiitiiissame measurement Gonf'^ration weoon- 
sider next tiie case where compensated doulDle injection 
occurs ortiiogona] to the first direction, beginning witii 
tiie null field (B^O) case with the same shear applied to 
the specimen Here, one observes ttiat the two voltme- 
ters show the same offset both in magnitude and sign 
unlike the previous case (Fig . 9(d}) . In additioa a ramped 
magnetic fieki (Rg. 9(e)} causes the two voltnneters to 
swing in the same orientation (clockwise), as in the 1^ 
voltiDOterof Rg 9(c). 

The utilization of electrically septate current 
sources in tiiese experiments suggests that the solution 
to the two boundary value problems (Rg 9(c) and Fig. 
9(e)) can be superimposed Insitu Thus, we conskler 
addition of Rgs. 9(b) and 9(d). in the absence of a mag- 
netic field. Here, one otpserves tfiat the piezoresistive 
voltage otsserved in tiie two configurations add together 
in the right vottmeter, while they cancel in the left voltme- 
ter, in order to compensate the piezoresistive offset . The 
effect of a ramped magnetic fieki is revealed upon super- 
imposirg configurations Rg. 9(c) and Fig. 9(e): Here, tiie 
instrument display of tiie right voltmeter does not turn 
I witii increasing B because it rotates in the counterclock- 
wise sense in Rg. 9(c) while it swings in tiie clockwise 
sense in Rg . 9(e) and the opposing Hall effects observed 
in tiie two orthogonal configurations cancel each other 
for all B. (This vdtmeter shows . however tiie sum of the 
> piezoresistive offsets observed in the two configura- 
tions). Alternatively, the left vottmeter. which exhibits 
canceilatbn of the piezoresistive voltage, shows tiie dis- 
play rotating in tiie same sense in botii Rg. 9(c) and Fig 
9(e) in tiie presence of a magnetic field, and superposl- 
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iion indicates that the magnetic response, or the Hall 
voltage, Is the sum of the effects observed in the two (Fig 
9(c) and 9(e)) configurations. Thus, surprisingly, one 
obsen/es vanishing piezovoltage across the voltage con- 
tacts which show the Hall effect, while the other contacts 5 
show the peizovoltage but no Hall effect. Hence, the 
same sensor nr^y be used simultaneously for measuring 
both the Hall and the (shear) piezoresistive effects sep- 
arately Another advantage of this configuration is that it 
exhibits '*Hali voltage integration. * or twice the Hall effect, 
observed in either conTigurafion individually A similar 
argument may also be applied when the voltage contacts 
are on the interior boundary as In Fig 10 (b) and Fig 
10(d). Here, an octogonal enibodlment is considered 
instead of the circular annulus, with identical results. 
Thus, the shape of the doubly connected device could 
be varied over a wide range <^ possibilities and one still 
obtains the same characteristics from the device. This 
point is illustrated in Rg. 11(a), (d). (e), and (f). These 
quadruple Injection configurations might be oriented 
using alignment marks shown on the top of the figure in 
Silicoa However, this technique for separating the Hall, 
shear piezore^stive. and misalignment voltages need 
not be restricted only to the "high piezo" or "low j^ezo* 
alignments In practice, there might be some advantage 
in using the "low piezo" orientation for magneticf ield sen- 
sors t>ecause ttie shear piezoresistive voltages are 
smaller for this alignment, due to the smaller piezoresis- 
tive Goeffidents, and offset cancellation is expected to 
be more effective especially in sensors subjected to inho- 
mogeneous shear stress . As an example, the "low plezo" 
orientation for (01 1) surface Silicon ts expected to pro- 
vide the better perfbnnance for Hall sensors, while the 
"high piezo" (001) surface Silicon is expected to be more . 
optimal for (shear) piezoresistive devices, in n-type cm- 
ducting layers. The quadruple injection configuration 
shown In Fig. 11 ((a), (b), (e). and (f)) may be viewed as 
the superposition of orthogonal double injection config- 
urations Such double injection configurations are shown 
in Rg.1 1((c), (d), (g). and (h)). These are useful because 
Fig. 1 1 ((c) and (g)) wouki show no Hall effect in a homo- 
geneous magnetic field, although they would exhibit the 
piezoresistive effect when a voltage is measured 
between the appropriate pair of contacts, for example, 
t)etween lower left and top right in Fig. 1 1 (c).. (In a mag- 
netic field gradient, there would be a contrtk)ution from 
the Hall effect). Fig. 1 1((d) and (h)).. on the other hand, 
exhM a Hall effect and vanishing shear dependent pie- 
zoresistive effect (Here under tnhomogeneous shear, 
there would be a piezo voltage). Several elementary 
modifications to the quadruple injection configurations 
are possible, some including connections between pairs 
of voltage contacts (Fig. 12 and Fig 13). Such configu- 
rations may be useful in geometric magnetoresistor type 
applications. 

The orthogonal injection configurations illustrated in 
the previous figures lend themselves to further general- 
izations through, for example, the injection of multiple 
currents in each branch of the structure (see Fig. 14). 



Here, superposition of uniaxial 8-f61d irjection schemes 
Rg. 14(a) - (d). may be used to obtain biaxial a 16>fdd 
injection scheme Rg 14(e) - (h). (In a similar way. one 
might generalize the result to m-axial, n-fbid injection 
schemes in polygons).. The same type of arguments indi- 
cate that a pair of voltage contacts (along the diagonals 
in Fig. 14, for example) would exhibit the piezoresistive 
voltage and another pair would show the Hall voltage, 
while the multiple currents increases the magnitude of 
0 the observed voltages proportionately to the number of 
sources, lor constant I. and the effective averaging 
reduces the residual offset, due to inhomogeneities, 
observed across the voltage contacts . Thus far. we have 
nrainly considered emboidments including holes 
[5 because such embodiments appear especially advan- 
tages for engineering the current distrBdution. Yet, the util- 
ity of directional averaging for separating or cancelling 
insitu one of the offdiagonai components, using electri- 
cally isolated supplies, may also be appreciated in hole- 
go less specimens, such as the errtodiments shown in Rg. 
15. These structures may be aligned in Silicon using the 
alignment marks, or they may used in any Hall or piezo 
resistive conductor in the unoriented configuration 
The main limitation on tiie utility of the technique 
25 seems to be s^ by the ease with which one nay produce 
electrically separate current sources (Fig. 1). Battery- 
resistor combinations, which constitute tiie simplest cur- 
rent sources, arecunlbersomeand unsatisfactory espe- 
cially in applications where one is limited to a single 
so source (e g ., Fig . 1 a) . Atransformer with a single primary 
and multiple matched secondaries becomes especially 
useful in ac applications (Fig. lb). However, this 
approach may be unsatisfactory where device size is a 
oonstFEnnL A semiconductor based solution to tinis prob- 
35 lem would be based on the utilization of optocoupl er type 
devices (ligl^ en^tting diode (LED) - photovoltaic cell 
con^r^ons). See Rg. 16-21. In Rg. 16(a), we have 
illustrated the concept of a light powered Hall or piezore- 
sistive sensor, where the photocurrent generator might 
40 be ap-n junction. Afthough one does not necessarily see 
the advantage of this method when there is only one cur- 
rem source, the utifrty of this approach becomes self-evi- 
dent as the number of sources grows (Rg. 16(b) & (c)) 
in the m-axial. n-fold injection schemes An advantage 
45 of this metiiod is tiiat, in principle, it is possil^e to man- 
ufacture a Si-based Hall s^sor which includes p-n junc- 
tions on-«hip that serve as photocurrent gmerators- 
Some possible embodiments are shown In Rgure 17-21 . 
Figure 1 7 considers the case where a p-n junction is built 
BO into one of the current contacts of an electrical plate. 
Here, one contact essentially doped to the carrier type 
opposite that found in the current ^lannel. Then, a wire 
is used to connect the source and drain to dose the cur- 
rent loop. Figure 18 shows an emboldment where the 
55 photocurrent is generated on the backside of tiie electri- 
cal plate. This embodiment is imeresting because a vis- 
ual examination of tiie top-side need not reveal current 
contacts. Figure 19 shows an embodiment where dual 
photocurrent generators are on the backside of the plate. 
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Of course, one may also arrange these cwent genera- 
tors on the topside or any other convenient location This 
current biasing configuration corresponds to current 
compensation which gives minimal misalignment offset 
in a magnetic field sensor. Figure 20 shows the cun-ent 5 
biasing scheme for a magnetic field gradioit detector 
Additional photocurrent generators may be integrated 
into the smart sensor in a similar spirit, as shown in Fig 
21. for a biaxial quadruple injection scheme. This 
embodiment which may aligned for optimal piezo 10 
response in SiGcon. if desved. allows for separation of 
diagonal and off-diagonal voHages on different pairs of 
voltage contacts, as discussed previously Thus, one 
sees that photocunent generators are useful for solving 
the separated current supply problem because they may 15 
be simply integrated into the sensor, and one might per- 
h^, use just a single LED. running on a single power 
supply, to power a large number of such sources, atid 
require just a pair of bonded wires to read readout the 
off-diagonai voltage An advanced smart sensor might 20 
even include on-chq3 signal condiKoning and logic such 
that the output is directly compatible to the nricroproces- 
sor based controller, in the automaton system. 

Rg. 1) (a) A current source might be a voltage 2S 
source (V) in series wHih a resistor (R) and a 
mechanic/electronic switch. The source may be 
''grounded" using a second switch, as shown, (b) A 
set of alternating current (a.c.) sources (h - U) might 
be derived from a single power supply using a trans- 30 
former with multiple secondaries, eadi including a 
switched resistor, (c) Multiple, electrically* s^rate 
cunrent sources nnight also be realized by optoelec- 
tronic means. Here, a light emitting diode (L.E D), 
which is driven by a voltage source (V) In series with ss 
a resistor (R), might illuminate an anay of photo- 
voltaic celts (e.g.. p-n junctions) The photoinduced 
production of electron-hole pairs, and charge s^- 
ration by the electric field in the depletion region, 
makes possible a (closed a'rcuit) cunrent (li - 15) ^ 
which may be linuted by resistors Ri • Rg The light 
source might be switched periodically for applica- 
tions which require a time-varying cunenl, for exam- . 
pie, and the photovoltaic cells may even be 
integrated into the advanced sensor. 45 

Fig. 2) (top) An "anti Hall-bar within a Hal! bar* 
(frame-shaped) configuration realized on (001) sur- 
face n-channel Silicon . Two current sources, li ^ and 
U3 connected between contact pairs (1 .2) and so 
(A.B). respectively The long axis of the frame 
shaped specimen is oriented along the [110] direc- 
tion. The sample is glued and wired to a dual In-line 
package (DIP), and shear stress is coupled to the 
specimen by torquing the DIP package while it is 55 
plugged into the DIP receptacle, using a lever arm, 
as Indicated. This packafipng procedure produces 
built-in shear stress upon the specimen, even in the 
absence of a force on the end of the lever arm. (a) 



The voltage W^x) measured between the contact 
pair (CD) on the external boundary for current 
injected: via the extemal boundary only, via the inter- 
nal boundary only, and for equal- and opposite- cur- 
rents injected via the two boundaries Urider current 
compensation i 1 2 = ~^ a.b * ^^^^ ^ cunrent in the 
vicinity of the voltage contacts, and me misalign- 
ment offset Is expected to be vanishingly small . The 
obsen/ed linear variation with torque shows, how- 
ever, the e»stence of an off -dtagonal (Hall effect like) 
component that depends upon shear stress. In the 
vicinity of torque = 90, the shear (or off-diagonal pi e- 
zoreslstive) component vanishes and, then, the total 
offset voltage originating from both the misalignment 
and stress conr^onents becomes small For torque 
« 90, if one switches off one of t^e two injected cur- 
rents, then the offset voltage increases in magrti- 
tude. and this is the misalingment contrbution . (b) 
The voltage V3 4 measured between the contact pair 
(3 4) on the interior boundary. Under Client com- 
pensation, li^ « '1a,b ' variation of V3^4 witti 
torque similar to that observed in Vc.o anows 
near torque » 90 show the change in the offset volt- 
age upon current compensatit^. These data were 
collected in the absence of an externally applied 
magnetk; fieki. and the torque scale, which Is 
reported in arbitrary units, serves only to measure 
relative changes in the stress applied to the speci- 
men . It is worth noting that the sensitivity to shear Is 
relatively large for this crystallographlc orientation, 
and thus, this device may serve as a misalignment 
offset-voltage conpensated shear sensor, wfien the 
current in tiie vicinity of the voltage contacts van- 
ishes. If the frame shaped specimen is rotated In 
plane t>y 45 degrees, so that the major axis lies along 
poO], then the shear sensitivity is greatly reduced 
and the device may be utflized also as a offset com- 
pensated Hall effect (magnetic fieti) sensor. Thus, 
one may choose a preferred orlentatk>n for the spec- 
imen according to the desired device characteris- 
tics 

Rg. 3} This chart identifies the alignment of the 
devicegeometry with respect to the crystallographlc 
axis, for n- and p- channel SiRcon with the normal 
(001) {(a) and (b)}. (011) {(c) and (d)}. and (111) 
i(e)}. Using similar principles, the alignment witii 
respect to ^e crystallographlc axis may also be 
identified for other Silicon surfaces, and other pie- 
zoresistive semiconductors (e.g. Germanium). In (a) 
- (f). (i) identifies the orientation for high shear |^e- 
zoresistive response, whteh one may choose If one 
desires to make, for example, a plezoresistive sen- 
sor. On the other hand. (iD shows the oriemation for 
low plezoresistive response if one is interested in 
n^nimizing this component (as. for example, in a Hall 
effect sensor). 

As an exannple, we illustrate the use of this chart 
by refening to the frame shaped spedmens of Rg. 
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4« and consider Die case where we wish the low pie- 
zoresistive orientation In (001) Silicon Thus, the rel- 
evant alignment is shown in (a) (ii) above. This 
means that on the appropriate (001) surface Silicon 
crystal, we mark the desired [1 00] and [01 0] direc- s 
tions. and we place Fig. 4 atop the crystal and orient 
the 'alignment marks ' on Fig. 4. with the x-axis par- 
allel to the [100] direction, and the y^is along the 
[01 0] direction t)6f ore transfenring the geometry onto 
the crystal by, for example, photolithography Of io 
course, an eeror of the order of 15 degrees, with 
respect to thecrystallogtaphic axis, may be tolerated 
in this procedure, and one may also fabricate the 
geometries in the unoriented crystal or polycrystal. 
if so desired . The dashed axis or "alignment marks* js 
appear in several figures throughout the applicatiion 

Fig 4) Some special embodiments of the frame 
shaped "anti Hall bar within a Hall bar" (a) Uniaxial, 
intetboundary (single) cun^ent injection in the anti 20 
Hall bar within a Hall bar (Hall bar with a hole). The 
shaded circles are contacts, which may assume any 
shape and size relative to the frame The length and 
width of the two branches of the doii)ly connected 
structure, the ends, the hole, and the exterior bound- 2s 
ary are free parameters. Hall effect and shear pie- 
zores^e Coff-dagonal") voltages may be 
observed in Intraboundary voltage measurements. 
Magnetoresistive (Corisino) type voltages may also 
be observed in interiboundary voltage measure- bo 
ments at high n^gnetic fields, (b) Uniaxial, double 
injection, with current sources connected in the 
intertmmdary configuration, (c) Uniaxial xkuMe 
injection with cun'ent sources in the Intraboundary 
configurat'on Anoffdiagonal(HalIorpiezoresis6ve) ss 
voltage can occur here even when there is nocurrent 
in the vicinity of the Hall voltage contacts, (d) Current 
injection within the hole, which may also be viewed 
as the "anti h^l bar configuration Global off cfiag- 
onal voltages occur on the internal boundary. 40 
between the shaded voltage contacts, (e) similar to 
(c) with a difference that pal rs of contacts have been 
connected to each other using an electrical conduc- 
tor. Here, threa such connections have been 
included, however, the number could be arbitrary A 46 
magnetic field (stress) d^endent resistance can 
appear t>etween connections Instead of a simple 
connection, one may include active arxi passive ele- 
ments within the circuit. (0 analogous to (e) with a 
difference that wires connect pairs of contacts on the so 
exterior boundary (g) similar to (f) with the addition 
that contacts plough through the material (thick 
shaded lines) and link opposite edges of the exterior 
boundary, (h) similar to (e) with |he addition that con- 
tacts plough through the cc^ucting channel and 55 
connect points on opposite side of the hole within 
the element The number of such ploughed contacts 
could be art)itrarily large All these configurations 
could be oriented on Silicon using the alignment 



mari<s shown on the top. and they may also be fiab- 
ricated In the unoriented configuration on Silicon or 
any other electrical conductor 

Rg, 5) (top) an electrically conducting element with 
four contacts (1-4). A 4x4 resistence matrix serves 
to model the voltages Vi 2 and V3 4. measured 
between contact pairs (1,2) and (3.4). respectively, 
to the cunrents l\ ^ and I3 4 ir^ected between con^ 
pairs (1.2) and (3.4) in general. Ihe matrix may 
include off-diagonal elements Ri^;3.4 and R3,4;i^ 
which result in voltages orthogonal to the cunent 
flow. We have referred to (and will refer to) such volt- 
ages as "off-diagonal* voltages (a) The behavior of 
the off-dtagonal voltages for a symmetrical resist- 
ance tensor, (i) A current Is injected only via contacts 
(1,2). The offdiagonal voltage V3 4 is positive, (ii) A 
current is injected only via the contacts (3,4) . The off 
diagonal voltage 2 <^ positive, (b) The behav- 
ior of the off-diagonal voltages for an antisymmetri- 
cal resistance tensor. 0) A currerrt is injected only via 
contacts (1.2). The off-diagonal voltage V3 4 is pos- 
itive. («) A current is injected only via the contacts 
(3,4) . The off-diagonal voltage Vi 2 is now negative 
unlike in (a) (iO (c) The most general resistance ten- 
sor, within the scope of this model nray include both 
symmetric and antisymmetric components. The 
symmetric component may be reflected In the sen- 
sor as an offdiagonal plezovoltage, proportional to 
the factor f(s). wNle the arrtisymmetrical offdiagonal 
voltage may be viewed as a Hall voltage proportional 
to the factor g(B). One is sometimes interested in 
separating the two corMxjtions in order to improve 
sensor performance, and one often buikis a s&nsof 
whk;h operates due to existence of such effects. We 
are interested in q^timizing sensor perforn^ce by 
controlling the current distribution within the sensor 
by adjusting devk^e geometry, appropriately alinging 
the sensor with respect to the crystallographic axis, 
and periiaps even irijecting more than one current 
into the specimen with possiblef inlte angle between 
the cun-ents. 

Fig. 6) (a) A L-shaped hole inside a L-shaped elec- 
trical conductor, with contacts inside tiie hole and at 
the circumference of tine sample. A first cunrent 
source is wired to a pair of contacts on the exto'ior 
boundary, and a second source is wired to the inte- 
rior boundary, such that there is a finite angle, e.g.. 
90 degrees, between the current vectors at the 
source and drain of each sipply p) A frame shaped 
hole insMe a frame shaped electrical conductor with 
several contacts ait each boundary A pair of current 
sources are connected between the exterior and 
interior tx)undaries, at a distance frcmi each other 
such that there are two cun'ents with a finite angle. 
e.g., 90 degrees, within tiie specimen, although the 
angle between the current vectors at the source and 
drdn of each supply Is somewhat snrialler. (c) a cir- 



7 



BNSOOCID: <EP p7047tOA1 J.s. 



1 



13 



EP0704 710A1 



14 



cular hole inside a circular conductor, with several 
contacts in the vicinity of each boundary. A cunrent 
supply is hooked up to each boundary such that 
there Is af inite angle (0 < ^ < 180} between the cur- 
rent vectors at the source and drain of each supply s 
(d) A n-ldld rotationally symmetric structure (e g. n 
= 8) with several contacts at each boundary, with a 
current si^^piy connected between the outade and 
the inside, with a finite angle, e.g.. 45 degrees 
between the two different currents. In all these con- 70 
figurations, off-diagonal voltages may appear 
l:)etween voltage contacts upon the application of 
str ess and/or magnetic f ieid . (b) and (d) allow for the 
possibility of null current in the vicinity of the voltage 
contacts, (a) and (c) allow for the possibility of a Hall 75 
voltage on a boundary whidi depends mainly on the 
current injected via the same boundary. These spe- 
cial 6nt)odiments may be oriented on Silicon using 
the alignment marks and they may used in the uno- 
riented configuration on any electrical conductor. 20 

Fig. 7) (a) A conductor including two L shaped holes 
Each hole has a source and drain contact at the 
ends, and a supfdy is connected to these contacts 
There are aiso voltage contacts inside each hole for 2s 
measuring the voltages. A featiffe of ttris device is 
that currents, for example, may be adjusted in sign 
and magr^e such tfiat current flows predoml- 
nantiy in the gap tDetween the holes, in the vicinity 
of the current contacts, and the currents are perpen- 30 
dicularly oriented with respect to each other. (This 
configuration is similarto that shown in Fig.6(a), with 
the difference that a second intemai boundary plays 
the role of the external boundary in Rg 8(a) By 
adjusting the sfiape of the holes, the current orien- 35 
tations may also be adjusted to arbitrary angles) . (b) 
A double hole device where cunrent supplies are 
connected between boundaries (c) same as (a) «^ 
the difference that pairs of contacts have been elec- 
trically connected across the hole, (d) same as (c) 40 
with the addition that con^cts pfough through the 
material and connect contacts on opposite sides of 
the line connecting source and drain. Only one such 
connection has be^ shown on each end of a fiole, 
but the number could be art)itrary. (e) same as (a) 45 
with the addition that pairs of contacts on different 
holes are connected electrically over a switch (as 
shown) (f) same as (a) with a difference that the cur- 
rent contacts at the ends of the hole have been 
shifted to obtain a parallel cunrent vectors under cur- so 
rent compensation. One could generalize such con- 
figurations to include an arbitrBry numt>er of 
arbitrarily shaped holes, with arbitrary angles 
between the various cunrents. 

Fig . 8) This figure demonstrates tfie principle of pro- 
ducing a dual axis, quadruple • (current) injection 
device from two uniaxial double injection configura- 
tions, (a) A conf iguration including a hole in the con- 



ductor which allows" two boundary specific off- 
diagonal voltages, such as the Hall effect, due to 
double current injection . i^) An altemate wiring con- 
figiffaHon which can even be used to cancel the 
boundary specific off-diagonal voltage such that it is 
mostly sensitive to gradients in the off-cfiagonal 
resistivity, (c) the configuration of (a) rotated by 90 
degrees, (d) the configuration of P) rotated 90 
degrees, (e) the "addition* of configurations (a) and 
(c) . (f) the ^addition" of configurations (b) and (d) . In 
(e) and (f) there are four cunrent sources connected 
io ^e conductor. Off diagonal voltages may be 
measured between pairs of free contacts, on a 
boundary, when the current vanishes in the vicinity 
of the contacts^ 

Fig 9) A physical argument itlustraling the operation 
of a biaxial quadruple injection device in separating 
the piezoresistive and Hall ("off-diagonaH voKages. 
while minimizing the voltage contact misalignment 
offset, in devices including a hole, (a) A rotationally 
symmetric device with a hole, eg., annulus, and 
contacts within the interior boundary and outside the 
exterior boundary. There is no cunrent injected into 
the device.. Two voltmeters (each red-black lead pair 
connects to one voltmeter) are used to read out the 
voltage difference between the left and right sides of 
tie device. The voltmeters are denoted by a drde 
here, with an arrow Inside it The at)sence of a volt- 
age difference corresponds to twelve o'clock, (b) A 
special uniaxial double injection conf iguraton where 
current is injected via the interior boundary and also 
the exterior boundary. One might Imagine that the 
conducting element shows a "off-diagonal" piezore- 
sistive voltage due to the application (intentionally or 
unintentionally) of stress. Thus, the voltmeters ds- 
play a voltage difference between the left and right 
sides of ^edevice inthe absenceof a magneticf ield 
(BsQ). even iKdien there is no current in the vidnity 
of the voltage contacts Note that the two voltmeters 
show readings of opposite sign. This is just ateature 
of wiring the two voltmeters in the opposite seise- 
(c) The appficafion of a magnetic field produces a 
Hall effectwhich modifies the displayed voltage One 
imagines a ramped magnetic field which *1urn5 the 
dock^ on both voltmeters. Note, twwever. that the 
docks turn in opposite directi(Mri8 because the volt- 
meters were wired opposing each other, (d) From 
(a), one might proceed by considering the other pos- 
sibility where cunrents are injected orthogonally with 
respect to theorientation chosen in(b) (compare (b) 
with (d)). Here, in the absence of a magneticfield, 
with the same shear stress as before, the two volt- 
meters di^ay readings of the same polarity 
because the instruments are now connected in the 
same sense (The "red" leads from both voltmeters 
lie on the same ^e of the device). In addition the 
application of a magnetic field rotates the two cfie- 
plays in the same sense (see (e)) (f) If one ^muha:- 
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neously injects currenis along the two axis, tlien one 
essentially superimposes the c6nfigurations of (c) 
and (e), and tlie voitmeters display tlie correspond- 
ing results: Tlie left voKmeter displays vanishing pie- 
zoresistive voltage because the contributions Irom $ 
configurations (c) and (e) cancel. However, the Hall 
voltages add up to produce twice the Hall effect, 
which is indicated by the increased angular fre- 
quency of the left clock On the right voltmeter, the 
piezoresistive contribution from (c) and (e) add up to w 
give the sum of the off^fiagonal voltages observed 
in the absence of a magnetic field, while the Hail 
effect contrbution from the two configurations can- 
cel to give a vanishing Hail effect, as indicated by 
theanrested dock display. This argument shows that 75 
the two oontrbutions to tlie off -diagonal voltege. that 
originating from stress and magnetic field, respec- 
tively, may be separated utilizing this quadruple 
injection configuration, and that both contributions 
may be read out separately and simultaneously from 20 
the same device The utility of this configuration also 
lies in the fact that the Hall sensor may be made rel- 
atively insensitive to stress, which is unavoidable in 
the especially harsh sensor application environ- 
ments. Of course, this technique is also useful for 25 
making a stress sensor that is irmnsitive to mag- 
netic fields, for example 

Rg. 10) In the previous example, the physical argu- 
ment (which follows experiment) was presented with 30 
voltage contacts on the exterior boundary of the 
sample. The interior txsundary serves mainly to 
inject current via the interior, as in Rg. 10(a) and 
10(0), where an 8-fo!d rotationally synmetric device 
Is considered. K turns out that voltmeters connected ss 
to the interior boundary (see (b) and (d)) exhibit sim- 
itar behavior, and one might repeat the previous 
arguments to obtain this result. That is, for biaxial 
quadTLple injection (see d), one "interiof voltmeter 
shows the piezoresistive contribution while tiie other 40 
shows mainly tiie Hall voltage, and the Hall voltage 
is twice what is measured in the uniaxial double cur- 
rant injection configuration (Fig 9), just as the piezo 
voltage is the sum of what is measured in the two 
configurations individually. 45 

Rg.. 11) Orientation of the (biaxial) injected currents 
in devices including a hole witiiin ti^e Hall or piezore- 
sistive element. Such configurations are useful for 
separating the Hail effect from tiie piezoresistive so 
voltage, as reasoned in Rg. 9 and Rg. 10. In addi- 
tion, absence of current in the vicinity of the vohage 
contacts, when all injected currents have the same 
magnitude, helps reduce tiie voltage-contact mis- 
alignment offset Here, the geometry may be frame ss 
shaped (a), or square-like (b) or circular (e), or show 
n-fbid rotational symmetry asin the 8-fold symmetric 
octogon (f). The quadruple injection configuration 
shown in (a), (b). (e). and (f) may be viewed as the 



superposition of orthogonal double ir^ection config- 
urations Such double injection configurations are 
shown in (c).(d) (g).and(h) Here, (c) and (g) would 
show no Hall effect in a homogeneous magnetic 
field, although they would exhibit the piezoresistive 
effect when a voltage is measured between the 
^ropriate pair of contacts, for example, between 
lower left and top right in (c). (d) and (h). on the other 
hand, exhibit a Hail effect and vanishing shear 
dependent piezoresistive effect. These differently 
shaped geometries produce physically equivalent 
effects because the important paran^ters are the 
cun^ent biasing configurations and also the crystal- 
lographic orientation Hence, one may imagine other 
equivalent doubly connected configurations to real- 
ize the same effect. These devices may be oriented 
along preferred crystallographic axis within tiie con- 
ducting material in orderto minimize or maximize tiie 
off-diagonal voltages originating from the piezore- 
^stive effect. If such configurations are fabricated on 
Silicon, one n^ght utilize the orientation marks in 
corjunction witii Fig. 3. as explained earlier, m order 
to exploit variations of the shear pi^oresistive con- 
fidents within the aystal . In addition, one may utilize 
unoriented configurations in any conducting system, 
including, for example, Si, QaAs. InAs. InSb, 
HgCdTe. Si-Qe, Ge. Au, etc. 

Rg. 12) (a) An annulus with four current supplies 
spaced angularty tiy approximately 90 degrees. Cur- 
rent sources connect between the outer and inner 
boundaries.. There are several contacts on the exte- 
rior- as well as the interior-boundary Voltage con- 
tacts have been electrically connected diagonally 
across the interior boundary (tills is an elementary 
modification to tiie basicquadruple Injection device). 
These electrical connections couki be a simpi e short 
drcutt (as shown) or they might be ccMnplicated 
switched circuts including resistive, inductive, 
capadtive, and even active el^nents such as. for 
example, current amplifiers. This configuration 
appears useful for drectional averaging (to separate 
tiie stress and Hali effect, for example) and voltage 
integration in "geometrical* magnetoresistors. (b) 
An alternatewiring configuration where each cunrent 
supply is kientified witti a unique boundary, (c) same 
as (a) except tiie elementary modifications occur on 
the exterior boundary, (d) An alternate source wiring 
configuratk>n for (c). One might imagine a mixed 
configuration which includes features of the two 
atternate schemes. 

Rg. 13) Sonte special quadruple injectim schemes 
for realizing "short-drcurted" off-diagonal-voltage 
resistors, (a) An injection scheme which tends to 
short-drcuit the anti-symmetric off -diagonal voltage 
such as the Hall effect, while tfie symmetaric compo- 
nent Is unshorted Here, the shorting occurs on the 
internal boundary One might use thewiring scheme 
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of Fig 9(b) to realize this configurations. Although 
this embodiment includes only three shorts on the 
internal boundary, one may generalize it to an arbi- 
trary number of shorts. In addition, as mentioned 
previously, the shorts may be replaced by electrical 5 
circuits Including active and passive elements (b)A 
second scheme which tends to short circuit the sym- 
metric off -diagonal voltage such as, lor example, the 
shear plezoresistive voltage in a semicorductor 
such as snicon. (c) This configuration is analogous 10 
to (a) except that it is the l-iall eiffect lil^ signal on the 
exterior boundary that is electrically equilibrated 
using a conductor/re^stor. (d) The exterior t)Ound- 
ary analog of (b) Voltages developed across any 
pairs of contacts may be utilized in applications. 15 

Rg. 14) (a) Uniaxial eight-fold injection, with each 
current source identified v\nth a unique boundary 
Here, one may realize off-diagonal voltage integra- 
tion of the contribution due to each supply. The cur* 20 
rents may be set to obtain vanisliing misalignment 
offset, (b) The configuration of (a) rotated by 90 
degrees, (e) A biaxial sixteen-fold injection scheme 
may be realized by combining (a) and (b) . This con- 
figuration gives better signal to offset, (c) An alter- 2S 
nate (Corbino-iil^e) wiring configuration of (a), (d) 
The oonTigtFation of (b) rotated by 90 degrees. (Q 
Configuration superposition of (b) and (d) . This con- 
figuration may be nrtade equivalent to (e) with a 
proper biasing of the cunents. (g) and (h) are some so 
other configuration superposrtion possibilities. Here, 
it is worth noting that the eight fold injection scheme 
of (a) and (c) could be generalized to an n-fold ir^ec- 
tion scheme, and the four fold rotationally symmetric 
square-shaped frame could be generalized to a n- $s 
fold rotationally symmetric frame, or an arbitrarily 
shaped doubly or multiply connected specimen. 

Fig. 15) (a) A rectangular eiectricatty conducting 
plate iru:iuding several contacts (small shaded cir- 40 
cies) Is connected to two currerrt sources, which 
serve to inject two orthogonally oriented currents. 
Off-diagonal voltages resulting, for example, from 
the application of a magnetic field or stress, may be 
nneasured utifizing appropriate pairs of free con- 45 
tacts, (b) a cross shaped conductor with orthogonal 
quadruple current injection, (c) An Lshaped conduc- 
tor with current and voltage contacts, with two 
orthogonally directed cunrents In spatially separate 
regions of the conductor, (d) An aftemate wiring con- so 
figuration, (e) Dual cun-ent injection in spatially sep- 
arate regions of the conductor wHh a finite angle 0 
< ^ < 90 degrees, between the direction of the two 
currents, (f) An alternate wiring cpnfiguration. The 
orientation mari® may be used to aHgn the sensor ss 
in SOicon. if necessary 

Fig. 16} in tiie devices shown in previous emt)odi- 
ments, it was frequ^y necessary to ir^ecl more 



than one cun'ent into the sample, sometime using 
electrically separated current sources. (The electri- 
cal separation of tiie supplies helps realize configu- 
ration superposition). Altiiough Fig. 1 shows some 
special embodiments of cunenis sources, it is clear 
that the design of tiie curent source need not be 
based only on tiiose shown In tiiat figure. Indeed, 
any electrical circuit whose output may be modeled 
as a source can, for practical purposes, serve the 
function. We also point out the edstence of a large 
number of variations in the design of tiie contacts, 
ranging from simple changes in the size, placement 
and composition, to more advanced contacts which 
need not be identiftable in a visual examination. 
Indeed, the nun^r of contacts need not even be 
simply related to tiie number of wires bonded to sen- 
sor. Such complications could be built intothe device 
especially when one integrates into the sensor, pas- 
^ve and active elements including amplifiers, tran- 
sistors diodes, resistors, capacitors, and inductors, 
for example. In some of tiie following figures, we 
identify some interesting aspects in using photo- 
voltaic cells as a basis for photocunrent generators 
(sources) While we identify p-n junctions as a spe- 
cific emlx)diment of tiie photocunent generator, it 
could as welt be any device which allows for photon- 
generated electon-hole pairs. The emphasis on this 
approach originates from the fact that semiconduc- 
lars are frequentiy used in sensor applicafions 
involving tiie Hall effect and piezoresistive effect, 
and such systems may frequentiy be doped n-type 
or p-type to choose, among otiier things, the sign of 
tiie majority carrier. As tiie fabrication of p-n junc- 
tions is simple espedaily in mature (integrative) 
technologies such as Silicon, where the entangle- 
ment of the misatlngment offset, tiie piezoresistive 
voltage, and tiie Hall effect is a problem tiiat needs 
to bQ resolved, we feel that such an approach merits 
spedal attention because it could solve tiie problem 
of developing a simple current source and, there- 
fore, it is an important element of this appfication. In 
(a), we illustrate the concept of the light powered" 
Hall t>ar. It consists of a photocurrent {p-n junction) 
which connects electrically to tiie source and drain 
contacts of a Hall plate. This configuration may be 
viewed as a magneto-optic device because the light 
source which may produce steady state or periocti- 
cally varying photon flux upon tiie photovoltaic mod- 
ulates the current while the magnetic field produces 
a Hall voltage aaoss tiie voltage probes (small 
shaded (ohmic) contacts near tiie middle of the 
plate) which modulates by tiie product of tiie cunrent 
times tiie magnetic field . Thus, such a device miglit 
find applications as magneto-optical frequency mix- 
ers. The photon source could be anytiiing ranging 
from the Sun to a light bulb, candle, or a light envtting 
diode. There could also be other active and passive 
elements within the ciroit to set the current to the 
desired range The utility of this approach l^ecomes 
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more apparent In oonsideiing "the anti Hall bar 
within a Hall bar* configuration which might require 
dual cun^ent sources, see (b). Here, an analogous 
photovoltaic implementation using a pair of p-n junc* 
lions show that a single light source could illumt- 5 
nate both diodes, which function as dual current 
generatois. Indeed, upon orienting the currentdireC' 
tons as shown, one realizes a Hall device with min- 
imal misallngment offset. In (c), we have generalized 
this idea to a biaxial quadruple cuaent configuration. 10 
where a single light source illuminates a quartet of 
diodes (photocunent generators). Once again, 
active and passive elements necessary to set the 
cun-ents have not been shown . It is also worth point- 
ing out that it is not neuessary that the same source 15 
illuminate all the pholo current generators 

Fig. 17) In this figure, we illustrate the concept of 
integrating a single photocurrent generator into the 
Hail or piezoresistlve element, (a) This is the essen- 20 
tial equivalent circuit, (b) A special embodiment <A 
the integrated photocurrent generator-Hall device A 
buried n- type channel constitutes the electrically 
conductive material where the off<liagonal compo- 
nent (Hall effect or piezoresistive voltage) is to be 2s 
measured. On the right side of the devk:a there is a 
standard contact consisting of n^ material followed, 
on top. by metallization which makes up the wire. On 
the left side of the device (drain), the current contact 
is actually a p-n junction where the p-type material so 
lies atop the n-channel. The incidence of photons 
upon this pHi junction creates electron (-) hole {-¥} 
pairs A contact is made to the p - type material with 
p^ material, and metalDzation (wire) connects to the 
p type contact The main Idea here is that one con- 35 
tact of the Hall plate becomes a photovoltaic and the 
metallization serves as the conduit for closing the 
circuit (c) The p-n junction is relatively dose to the 
top of the device. Thus topsde illumination gener- 
ates a photocurrent which flows within the device as 40 
shown (cross section (along the center of the device 
from one current contact to the other)), the existence 
of a current in the Hall element makes possble an 
'off-diagonal" voltage due to the application of a 
magnetic fiekt or stress upon the element. The top 45 
view shows another perspective of the current flow 
within the device Here, one sees that the metalliza- 
tion (wire) may be as thin as practicable or as wide 
as desired, and that it serves to collect the current 
from the drain and return it to the source. Of course, so 
In such a device, one need not observe any external 
leads attached to the sourceftlrain regions although 
one may readily identify that it operates on the same 
principle shown in (a). One might also Imagine a 
large number of simple modificatbns to the illus- ss 
trated implementation: (i) The return wire might be 
a strip of n or p material connecting the source and 
drain, (ii) The buried n-channel may moved adjacent 
to the surface, (lit) there might be insulating layers 



to increase electrical isolation and protect the 
device, (iv) the p-n junction might be some distance 
away from tiie Hall element and it might not be inte- 
grated into one of the cunrent contacts, (v) the p-n 
junction may be formed by placing the p and n 
regions adjacent to each other instead of atop each 
other, (vi) illumination may come from the sides or 
the bottom of the device, (vii) the doping profiles may 
be as appropriate to the application, (viii) one might 
also choose to work with p channels Instead of n- 
channels and design appropriately Indeed, any Hail 
element which includes a photovoltaic or photocur- 
rent generator falls wrtiiin tiie scope of tills invention. 
In Silicon, one may orient tHs device to minimize or 
maximize tiie shear piezoresistlve effect (Fig. 3) 

Rg 18) (a) the photon powered four terminal elec- 
trical plate, (b) A schematic of a back-side p-n juction 
connected by wires or wireholes to the topside elec- 
trical plate This implementation is useful for pre- 
venting light from impinging on the conducting 
channel where tiie (off^diagonal) Hall or piezoresis- 
tive voltages are generated. It also helps makes 
more efficient use of the semiconductor surface 
while increasing tiie area and current generating 
capadty of tifie photocurrent generator Note tiiat 
current limiting resistors have not been shown 
although they may be sirrply irrteg'ated into tiie 
design, (c) A top side Infection of the electrical 
plate shows that there are "^no current contacts" 
altiiough a cunrent appears at the source and van- 
ishes into the drain. 

Rg. 19) (a) A frame shaped (doubly connected) ami 
Hall bar within a Hall bar or Hall bar with a hole, 
which includes Integrated current generators witiiin 
tiie current contects. This configuration exhibits, 
from left to right, source on the outer boundary, drain 
on the inner boundary, source on ttie Inner bound* 
ary. and drain on tiie outer boundary The shaded 
region corresponds to the conducting Hall channel. 
Hall voltages n^y be measured on tiie exterior as 
well as tiie interior txtundary (b) a cross section 
shows backade p-n junction which make upan "out- 
side to inskle" current circuit on tiie left and right 
sides of tiie aossection. The two circuits need not 
generate the same cun-ent under illumination and 
circuit parameters may be adjusted to otstain tiie 
desired current. The shaded vertical columns con- 
stitute a conducting ohmic contact which allows tiie 
current to reach the top skle Hall plata (c) A sche- 
matic of a dopfaig profile. H Is wortii r^teratlng ttiat it 
is not necessary that tiie two photocunrent genera- 
tors lie directiy below the Hall plate or even on tiie 
back side They nvght also be placed at a distance 
from the Hall element on tiie topside or even witiiin 
the interior hole. The device may bQ oriented as 
^own in Rg. 4, in order to obtain either the low 
piezo. or tiie high piezo characteristics. 
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Fig , 20) (a) this implementation is analogous to ttiat 
shown in the previous figure exc^ that the config- 
uration exhibits, from left to right, source on outer 
boundary, drain on inner Ixsundary, drain on inner 
boundary, source on outer boundary. This current s 
biasing configuration is useful for magneticf ield gra- 
dient sensing, (b) and (c) same as previous figure 
except that profiles have been changed to produce 
the desired current biasing configuration. Here, it is 
also worth noting that the cun-ent loops need not io 
connect tiie outer and Inner boundary. One mSght 
similarly associate the source and drain of each 
photocurrent generator with a unique boundary, as 
in Fig. 4(c) One may also orient the device on Sili- 
con, if desired. IS 



Oaims 

1 . Method of measuring magneticf ields by injecting at 
least two currents along at least two cfiffsrent ax^ 
into an electrically conducting element that com- 
prises a rotationaliy symmetric struchjre. 



Fig. 21) (a) a four-fold rotationally-symmetric biaxial, 
quadruple current injected l-lali or piezoresistive 
device, using four Integrated photocurrent genera- 
tors. In the source region, the dark point identifies 2o 
the arrow head of the cun^ent vector, while the cross 
in the drain contact signifies the tail of the current 
vector arrow. The (black) contacts along the diago- 
nals of tiie square serve to measure the off-diagonal 
voltages, both on the Interior arxl exterior bounda- 25 
ries. The Hall channel is shadal. as shown. The dot- 
ted line marks the axis of the aoss section. The 
configuration exhibits, from left to right, source on 
outer boundary, drain on inner boundary, source on 
inner boundary, and drain on outer t)oundary In so 
addition, from top to t)ottom. one observes in cross 
section, source on outer boundary, drain on inner 
boundary, source on Inner boundary, and drain on 
cuter boundary. However, one need not observe any 
bonded wires on tiiese contacts in a visual tnspec- ss 
tion. (b) the conducting ct^rent paths in a cross sec- 
tion may be identical to that shown earlier, (c) a 
possible doping profile To the schematic shown in 
(a) one may Include additional aoss sections paral- 
lel tothe lndk:ated cross sections, such that one real- 4o 
i2es several source-drain pairs on each arm of the 
structure. For each additional source drain pair, 
there could be a photocell on the device which 
serves as a cunent generator. All tiie photocurrent 
generators may be powered by a single light source 45 
such as a light emitting diode. Then, one dstans a 
Hall or piezoresistive element which could have, at 
the ntinimum, one pair of wires for reading the 
desired off-diagonal voltage and one pair of leads 
for supplying the current to the light source. Due to so 
tiie resultant simplification In the packaging, one 
sees Immediately that the realizing cunrent sources 
in this way is especially advantageous in integrative 
off<iiagonal voltage sensors. Finally, one could . lust 
as easily exchange tiie positions of tiie current and 55 
vottage contacts, or use some otiier convenient dou- 
bly connected shape to reaTize an advanced Han or 
piezoresistive sensor. 
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